Reactivity index is that theory which was developed at the right time to rational chemical bonding. Density Functional theory (DFT) has given precision to chemical concepts such as electro negativity, hardness, and softness and has embedded them in a perturbational approach to chemical reactivity. Since the majority of the reactions can be analyzed through the electrophilicity/nucleophilicity of various species involved, a proper understanding of these properties becomes essential. The hard soft acid-base (HSAB) principles classify the interaction between acids and bases in terms of global softness. In last few years the reactivity index methodology is well established and had found its application in a wide variety of systems. This study is to revisit the definition of reactivity index using density functional theory, within the domain of hard soft acid base (HSAB) principle and then to discuss its application in industrial applications; in combination with intra and intermolecular reactivity in materials.
Introduction
The history of Chemical interaction begins with the pioneering works of Lémery and Boyle in the early1800 which introduced the "Solubility theory" and the associate principle of reactivity.
Next, the major contribution of Rouelle came up, which prescribed the base concept as the complement of that of an acid, with his pneumatic theory of reactions, being culminated by the Lavoisier's contribution according to which the oxygen is directly related to the acidic character of matter. In 1900 Volta, Gay-Lussac and Liebig have preformed the historic physicochemical experiments in elucidating the fact that acids have to contain hydrogen to be exchanged with a metal and a "radical" of different nature; they established the famous principle:
acid + base ↔ salt + water (1) The first overall concept of acid-base was formulated by the Arrhenius, Van't Hoff, and Ostwald in the 1880's, leading to a picture where acids and bases release hydrogen and hydroxide ions, respectively, their interaction being responsible for the acid-base reactions. In the 20 th century, the acid and base definitions get a leap of the century when it happened to link with newly emerging quantum theory of atoms and molecules. The first theory belongs to Brønsted and Lowry [1] (1923),which assumes the proton as the particle, never free, which intermediates between an acid (the donor) and a base (the acceptor) compounds during chemical reactions. Within this framework the new acid-base interaction paradigm looks like:
Although efficient, this theory excessively enhanced the role of proton; fortunately, Lewis' intuition (1916) [2] , the electron pair was soon recognized as a more general conceptual tool in defining acids, bases, and their chemical bonding removing the unnecessary emphasis on protons. Worth noting, the Lewis base definition seems to superimpose on the Brønsted-Lowry theory while the acidic Lewis definition covers more general cases.
The acid-base theory was once more refined on the ground of the molecular orbital theory that revolution was owned by Pearson [3] [4] [5] [6] [7] [8] .
In this context, the chemical bonding and reactions were described in two steps: one step regards the Coulomb interaction, being quantified by the electronegativity index χ, seen as the negative of the chemical potential of the interacting systems J. Comput. Chem. Jpn., Vol. 12, No. 1, pp. 16-29 (2013) [9] , and by the associated equalization principle [10] ; in the second step, the stability of the newly formed chemical bond is regulated by the so called chemical hardness index η, seen as the second order effect, consequently defined as the chemical force (i.e., the gradient of the chemical potential) acting on the bonding species [11] [12] [13] . In molecular orbital terms, the middle cases, considerable differences were noted with respect to the old-fashioned Pearson classification, which is one of the excellent work done by Putz et al. [25] [26] [27] [28] [29] [30] [31] [32] [33] In the heterolytic cleavage of a bond, the electron pair lies with one of the fragments, which becomes electron rich, while the other fragment becomes electron deficient. An electron-rich reagent gets attracted to the center of the positive charge and forms a bond with an electron-deficient species by donating electrons. The electron rich species is known as a nucleophile, and the electron deficient one, as an electrophile [34] [35] [36] [37] . Free radicals are generated through a corresponding homolytic pro- Maynard et al. [39] . The revolution begins, with this simple index which has the ability to connect the major facets of chemical sciences.
Perhaps, one of the most successful and best-known methods is the frontier orbital theory of Fukui [40] . Developed further by Parr and Yang [41] , the method relates the reactivity of a molecule with respect to electrophilic or nucleophilic attack to the charge density arising from the highest occupied molecular orbital (HOMO) or lowest unoccupied molecular orbital (LUMO), respectively. According to the definition of global hardness, it is the second derivative of energy with respect to the number of electrons at constant temperature and external potential, which includes the nuclear field, whereas global softness is the inverse of global hardness. The hard soft acid base (HSAB) principle [42] , which was proposed by Pearson, classifies the interaction between acids and bases in terms of global softness. This HSAB principle can be applied successfully for various systems [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Furthermore, Pearson also suggested another principle of maximum hardness (PMH) [54] . It states that, for a constant external potential, the system with the maximum global hardness is most stable and also studied extensively to further probe into both inter and intra-molecular interac- The study of material properties based on the experiment is a difficult task because it is a complicated process. Theoretical quantum mechanics is too complicated and practically applicable only to small systems therefore it cannot fully predict materials properties. Hence, the application of reactivity index is an advanced and wise choice. Regarding material designing, prediction of the excited state has been considered a challenging and intricate problem as there is not much focus on chemical reactivity involving excited state [75] . In particular, the investigation of excited state properties are generally computed using time dependent density functional theory (TDDFT).
However, the disadvantages of TDDFT are notorious, which does not allow more accurate ab initio approaches than random phase approximation (RPA) and configuration interaction with single substitutions CIS. There is no privileged direction for improvement in DFT except changing the parameterized potential, which is not very promising alternative, considering the past experience with semi-empirical methods [76] .
With this background in this review we will now talk about the basic theory of the reactivity index including definitions of local and global softness along with relative nucelophlicity and electrophilicity. We will as well cover the role of response function in deriving the excited state reactivity index theory, followed by specific examples on chemical interactions with emphasis on cases where molecular interactions are detrimental for a chemical process.
Theory
In density functional theory, hardness (η) is defined as [13] .
( )
where E is the total energy, N is the number of electrons of the chemical species and the chemical potential.
The global softness, S, is defined as the inverse of the global hardness (η)
Using the finite difference approximation, S can be approxi-
where, IE and EA are the first ionization energy and electron affinity of the molecule, respectively.
The Fukui function f (r) is defined by Parr and Gazquez [13] .
The function 'f' is thus a local quantity, which has different values at different points in the species, N is the total number of electrons, μ is the chemical potential and v is the potential acting on an electron due to all nuclei present. Since ρ(r) as a function of N has slope discontinuities, Eq. 1 provides the following three reaction indices [14] :
In a finite difference approximation, the condensed Fukui function [14] of an atom, say x, in a molecule with N electrons are defined as:
where q x is the electronic population of atom x in a molecule.
The local softness s (r) can be defined as
Equation (3) can also be written as
Thus, local softness contains the same information as the Fukui function f (r) plus additional information about the total molecular softness, which is related to the global reactivity with respect to a reaction partner, as stated in HSAB principle.
Thus the Fukui function may be therefore is thought of as a normalized local softness. Atomic softness values can easily be calculated by using Eq. 4, namely:
There is a recent work by Fitzgerald et al. [73] have shown that fractional charges as opposed to continuum charges can reduce the error in Fukui Index values up to 5%. DFT is wellsuited for use with non-integer occupations. Fractional occupations of orbital are commonly employed in the use of charge smearing to improve self-consistent field (SCF) convergence [74, 75] . Using fractional occupations, the partial derivatives are approximated as
There are some anomalous cases in which a specific atom shows both high electrophilicity and nucleophilicity due to the limitation of various basis set dependent charge calculation procedures, and hence it is more appropriate to rationalize this concept of relative electrophilicity/nucleophilicity. Relative nucleophilicity is the nucleophilicity of a site relative to its own electrophilicity, and vice versa for relative electrophilicity. The idea of relative nucleophilicity/electrophilicity was first proposed by Roy et al. [72, 76] to predict intramolecular reactivity sequences of carbonyl compounds. We have used a similar ratio for the first time to find the best dioctahedral smectite for nitrogen heterocyclics adsorption in terms of intermolecular interaction [77] and as well for the adsorption property of para and meta substituted nitrobenzene [78] .
As the nuclear charge increases for a same number of electrons, the system become harder and more polarizable. A many particle system is completely characterized by total number of electrons (N) and the chemical potential v (r) while χ and η describe the response of the system when N changes at fixed v (r);
the linear density response function R (r, r / ) depicts the same for
This response function can be expressed as, 
Calculation methodology
In the present study, all calculations have been carried out with DFT [80, 81] using DMol 3 code of Accelrys. A gradient corrected functional BLYP [82, 83] and DNP basis set [84] was used throughout the calculation. Basis set superposition error (BSSE) has also calculated for the current basis set in non-local density approximation (NLDA) and the theories for reactivity index calculations was mentioned elsewhere in details [40] .
Single point calculations of the cation and anion of each molecule at the optimized geometry of the neutral molecules was also performed to evaluate Fukui functions as well as global and local softness. The condensed Fukui function and atomic softness was evaluated using Eqs. 5 and 8, respectively and the gross atomic charges were evaluated by the technique of electrostatic potential (ESP) driven charges. Geometries were optimized using analytic gradients and an efficient algorithm, which used delocalized internal coordinates so that the change of energy and the change of the maximum force was 2 × 10 −5
Ha, and 0.004 Ha/Å, respectively. The studied molecule with a fixed symmetry was subjected to the electric field of 0.02
Hartree/Bohr parallel to the planar direction of the molecule. A field of ~ 1 V/Å has been applied to the molecules to calculate the response function.
Local Fukui Functions and global Softness were computed
by finite differences with ΔN =0.01, 0.1 and 1.0. For each system, the DFT energy was converged to self consistency. Atomic point charges were computed as described below. The SCF calculation was repeated using charges of ΔN =0.01, 0.1 and 1.0, and the atomic point charges were again computed, and condensed FFs were evaluated. DMol3, the program employs partition functions to divide space into regions associated with an atomic center. Atomic charges were computed by integrating the charge density over all grid points while applying an appropriate partition function [73] :
where, Z k is the nuclear charge and ρ is the charge density of the isolated atom k,
.
The sum over i runs over all numerical integration points in the molecule and the sum over j includes all atoms. This yields the Hirshfeld atomic charges. We designate this type of atomic charge as q k H .
Industrial Application cases
The abovementioned theory has indicated that the application domain of the theory will be related to chemical activity. We are mainly dealing with charge density for the purpose of prescribing a reaction followed by a process and eventually the way of designing a material. In recent years, various applications of reactivity index theory and its detailed description was studied [75, 76] . Experimentally it is observed that separation of halocarbons are possible using Na-Y, though the cause is unknown. Reactivity index within the realm of HSAB principle was used to monitor the activity of the interacting CFCs using DFT to propose a qualitative order. The importance of both H-bonding and cation-F=Cl interactions in determining the low-energy sorption sites were monitored and rationalized. 
Adsorption of ozone-depleting chlorofluorocarbons

Designing of stable clay nanocomposite
Resorcinol forms a novel nanocomposite in the interlayer of montmorillonite. This resorcinol oligomer is stable inside the clay matrixes even above the boiling point of the monomer.
A periodic ab initio calculation was performed with hydrated and nonhydrated montmorillonite before and after intercalation of resorcinol [77] . For the most feasible dimer-and tetramershaped oligomer of resorcinol, the intramolecular and intermolecular hydrogen bonding feasibility has been tested using the DFT-BLYP approach and the DNP basis set in the gas-phase 
Effect of dopants on Bronsted and Lewis acid site
The influence of both bivalent and trivalent metal substituents We studied both type of clays, with a different surface structure and with=without water using a periodic calculation. Interlayer 
Effect of divalent cations on the swelling of clay
Effect of solvation on the interaction of chromophore
Amino-functional silanol surface are mostly used for the immo- 
Prediction of interaction between metal clusters with oxide surface
The HSAB principle classifies the interaction between acids and bases in terms of global softness. In last few years, the reactivity index methodology is well established and had found its application in a wide variety of systems. This study deals with the viability of the reactivity index to monitor metal cluster interaction with oxide. Pure gold cluster of a size between 2 and 12 was chosen to interact with clean alumina (100) surface. A scale was derived in terms of intra-and intermolecular interactions of gold cluster with alumina surface to rationalize the role of reactivity index in material designing [85] .
Recent exemplary studies with reactivity indices for silica nanowires
Structural and dynamic properties of the building block of silica nanowires, (SiO2) 6 , are investigated by quantum molecular dynamics simulations [86] . The energy component analysis
shows that the lower electrostatic interaction differentiates the global minimum from the other structures. With the dominant electrostatic interaction, we further observe that the PMH can be employed to justify the molecular stability of this system. 
Study on CDK2 Inhibitors Using Global Softness
The reactivity index is as well popular in pharmaceutical and drug applications. In particular, one problem of drug design is that one has to synthesize and screen thousands, sometimes millions, of candidate chemicals in developing one successful drug. There was a very successful study with reactivity index long back on human immunodeficiency virus (HIV) [88] . The cyclin-dependent kinases (CDKs) are a class of enzymes involved in the eukaryotic cell-cycle regulation. A recent theoretical study on a series of CDK2 inhibitors using a set of global reactivity indices defined in terms of the density of states [89] .
The related series were classified on the basis of the correla- 
An exemplary application of reactivity in Gas sensor with single-wall carbon nanotube
In this part, we wish to explore interatomic interaction as well intramolecular interation through the center of activity. Since the discovery of the structure of carbon nanotubes (CNTs) or SWNT, much effort has been devoted to finding uses of these structures in applications ranging from filed-emission devices to other Nano devices [39, 90] . Kong et al. [91] proposed for the first time the use of CNTs as gas sensors.
Experimental data have shown that transport properties of SWNT change dramatically upon exposure to gas molecules at ambient temperature [92] .
Main advantage of the open
SWNT bundles is that they provide a larger number of adsorption sites. As a result, the adsorption capacity is significantly increased and several new structures and phase transitions were observed [93] . A recent study of Andzelm et al. [94] (Figure 3 ). This is followed by the adsorption of H 2 and CO 2 through a grand canonical Monte Carlo (GCMC) simulation methodology using the Sorption tools of Accelrys [96] [97] [98] [99] . The configurations are sampled from a grand canonical ensemble. In the grand canonical ensemble, the fugacity of all components, as well as the temperature, are Table 2 . Finally, we have performed only the interaction energy calculation using the following.
We further explained the interaction energy scheme as follows. This is known that A & B interacts in two steps: (1) interaction will take place through the equalization of chemical potential at constant external potential and (2) A and B approach the equilibrium state through changes in the electron density of global system generated by making changes in the external potential at constant chemical potential. That means within DFT we can write
Where ρAB, ρA, ρB are the electron densities of the systems AB at equilibrium and of the isolated systems A and B, respectively Or in terms of the potentials we can write The result of interaction energy is as well shown in Table   2 . The large variation of energy is resulting from (1) 
Conclusions
In this review, we have presented an overview of the reactivity index theory from concept to industrial application. We have demonstrated that a theory within the DFT domain based on the theory of electronegativity and explored in the realm of electron affinity and ionization potential is capable to deliver a simple correlation to predict the intermolecular and intramolecular interaction. If one can predict the localized interaction between interacting species carefully, then it will be possible to rationalize many chemical phenomena. The main issue of industry is to reduce cost and to design novel material for a specific application, which is time-consuming due to the trial and error process involved in this and as well expensive. They need a reliable as well faster way to screen the reactants and propose the products, which can be handled well by computer simulation technology with current reactivity index. We here have tried to share with you its capability through the various application examples from the research of our group and as well some recent applications to show that reactivity is an emerging area for material designing from nanocluster through nanowire, nanotube to biomaterial applications. The effort will only be successful if one believes in this and tries to explore around to make it more robust and develop the way to apply this unique theory to all possible material of choice and interest. 
